Although the mechanism of simian virus 40 (SV40) DNA replication has been extensively investigated with cell extracts, viral DNA replication in productively infected cells utilizes additional viral and host functions whose interplay remains poorly understood. We show here that in SV40-infected primate cells, the activated ataxia telangiectasia-mutated (ATM) damage-signaling kinase, ␥-H2AX, and Mre11-Rad50-Nbs1 (MRN) assemble with T antigen and other viral DNA replication proteins in large nuclear foci. During infection, steady-state levels of MRN subunits decline, although the corresponding mRNA levels remain unchanged. A proteasome inhibitor stabilizes the MRN complex, suggesting that MRN may undergo proteasome-dependent degradation. Analysis of mutant T antigens with disrupted binding to the ubiquitin ligase CUL7 revealed that MRN subunits are stable in cells infected with mutant virus or transfected with mutant viral DNA, implicating CUL7 association with T antigen in MRN proteolysis. The mutant genomes produce fewer virus progeny than the wild type, suggesting that T antigen-CUL7-directed proteolysis facilitates virus propagation. Use of a specific ATM kinase inhibitor showed that ATM kinase signaling is a prerequisite for proteasome-dependent degradation of MRN subunits as well as for the localization of T antigen and damage-signaling proteins to viral replication foci and optimal viral DNA replication. Taken together, the results indicate that SV40 infection manipulates host DNA damage-signaling to reprogram the cell for viral replication, perhaps through mechanisms related to host recovery from DNA damage.
DNA tumor viruses have been very successfully deployed as simple but powerful model systems to gain molecular insight into the mechanisms of DNA replication and oncogenic cell transformation in mammalian cells. One of the simplest DNA tumor viruses, simian virus 40 (SV40), packs the genetic information for both viral DNA replication and cell transformation into a 2.7-kb region of its genome, most of which encodes the large tumor (T) antigen (Tag) (1) . Two related proteins, small t and 17k T, are encoded in partially overlapping reading frames with Tag but are not essential for virus propagation in primate cell lines.
Tag is a highly multifunctional modular protein that localizes primarily in the nuclei of infected cells. The protein is composed of an N-terminal J domain (residues 1 to 102) connected through an extended linker to the origin-DNA binding domain (residues 131 to 250), the replicative helicase domain (residues 251 to 627), and a region that determines host tropism through an unknown mechanism (residues 627 to 708) (67, 68, 83) . The structures of the J domain linker region, the origin-DNA binding domain, and the helicase domain have been determined (30, 43, 53, 56, 86) . Tag function in infected cells relies heavily on specific associations with host proteins; for example, it interacts with replication protein A (RPA), DNA polymerase alpha-primase (Pol-prim), and topoisomerase I to replicate viral DNA (9, 26, 27, 78, 79, 87) . Oncogenic cell transformation depends on Tag binding to p53 tumor suppressor, retinoblastoma family proteins, the Hsc70 chaperone protein, the mitotic spindle checkpoint protein Bub1, and the ubiquitin ligase CUL7 (1, 14, 31, 42, 89) . The Mre11-Rad50-Nbs1 (MRN) damage signaling and repair complex has also been reported to bind Tag, but its role in cell transformation has not been explored (19, 49, 92) .
Although the activities of Tag in viral DNA replication and cell transformation are genetically and biochemically separable, they are tightly coupled in productively infected primate cells. The molecular chaperone function of the Tag J domain is essential for both virus propagation and cell transformation (1, 81) . Furthermore, the ability of Tag to induce quiescent cells to enter S phase, a prerequisite for viral DNA replication, depends on multiple functions required for cell transformation (18, 20, 35, 65) . Binding of Tag to Nbs1 has been reported to promote viral DNA replication (92) , but it is not clear whether Tag binding to CUL7 or Bub1 is required for productive infection. Despite the contribution of these additional activities of Tag to viral replication in infected cells, their mechanisms of action in productively infected cells are not well understood.
Importantly, it has recently been recognized that replication of SV40 and murine polyomavirus DNA in infected cells occurs under conditions in which the ataxia telangiectasia-mu-tated (ATM)-mediated DNA damage-signaling pathway is activated (15, 77) . Checkpoint signaling ordinarily arrests ongoing host DNA replication and delays cell cycle transitions, but in infected cells, this regulation is perturbed and appears to facilitate viral DNA replication. Thus, SV40 DNA replication does not mimic host DNA replication but may instead represent a damage-or stress-adapted pathway that utilizes mechanisms related to host DNA repair or replication fork recovery after damage. Consistent with this possibility, the 10 host proteins identified as essential for reconstitution of SV40 DNA replication in a cell-free system function not only in host DNA replication but also in DNA repair pathways (5, 13, 64, 74, 87) .
The additional Tag activities required for in vivo viral DNA replication, together with the evidence that Tag operates at the interface of replication with repair in infected cells, led us to ask how SV40 utilizes DNA damage signaling to promote viral DNA replication in infected cells. We report here that in primate cells productively infected with SV40, activated DNA damage-signaling proteins ATM, ␥-H2AX, Mre11, Rad50, and Nbs1 localize in large nuclear foci together with Tag and host proteins essential for viral DNA replication. During infection, Rad50 and Nbs1 levels decline in a proteasome-dependent manner. Mutational disruption of Tag interaction with the host ubiquitin ligase CUL7 prevented the decline in Rad50 and Nbs1 levels and reduced viral propagation. Specific inhibition of ATM kinase activity in infected cells not only reduced replication of SV40 DNA in infected cells but also inhibited colocalization of Tag and damage-signaling proteins in nuclear foci and stabilized Rad50 and Nbs1. We conclude that SV40-infected primate cells utilize ATM signaling at least in part to reprogram the intracellular milieu to support viral DNA replication.
MATERIALS AND METHODS
Cell culture. Human osteosarcoma U2OS cells and BSC40 monkey kidney cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. Mouse NIH 3T3 cells were maintained in the same medium and passed at 80% confluence. SV40 infection. Culture medium was removed and replaced with just enough DMEM to cover the cells. The SV40 virus stocks had a concentration of 1 ϫ 10e8 to 2 ϫ 10e8 PFU per ml, as determined by plaque assays on BSC40 cells (84) , and cells were infected at a multiplicity of infection of 5 (Table 1 and Fig. 4D ) or 10 PFU per cell. The virus infection was allowed to proceed for 2 h with gentle rocking every 30 min to ensure the distribution of virus. The virus inoculum was then replaced with fresh warm supplemented DMEM, and the infected cells were further incubated until harvest.
DNA transfection. Cells were plated in 60-mm dishes containing 4 ml of supplemented DMEM and incubated for 24 h to reach confluence. Plasmid DNA purified by CsCl equilibrium density gradient centrifugation (8 g per dish) was transfected into the cells by use of 20 l per dish of Lipofectamine (Invitrogen) in 0.5 ml of Opti-MEM medium (Gibco) according the manufacturer's protocol. Five hours later, 2.5 ml of DMEM was added to each dish and incubation was continued until the cells were harvested for analysis.
DNA cloning. Site-directed mutagenesis (QuikChange; Stratagene) was used to generate an F98A substitution in the Tag coding sequence cloned in pBSKSϩ and verified by DNA sequencing (details available on request). The mutant coding sequence (BsrGI fragment) was used to replace the corresponding wildtype (wt) coding sequence in pSV-wt DNA, which contains the SV40 genome (strain 776) cloned in the BamHI site of vector pAT153 (28) . To generate virus, BamHI-cleaved pSV-F98A DNA was transfected into BSC40 cells. Cell cultures displaying cytopathic effect were harvested by freeze-thaw and titers of lysates were determined by plaque assay on BSC40 cells (84) . To generate pSV-MB, an original GMSV40 Hirt supernatant DNA (59) , kindly provided by M. Botchan, was used as the template to amplify the mutant Tag coding sequence on an EcoNI fragment. The mutant sequence was then inserted in place of the corresponding fragment of the wt Tag coding sequence cloned in pBSKSϩ and verified by sequencing, and then the BsrGI fragment carrying the mutant Tag coding sequence was substituted for the corresponding fragment in pSV-wt.
Mre11 and Nbs1 mRNA quantification. Total RNA was collected from mockinfected or SV40-infected U2OS cells (RNeasy mini kit; Qiagen). Equal amounts of total RNA (1.5 g) from each sample were reverse transcribed to cDNA by reverse transcriptase-PCR exactly as described previously (32) , and equal volumes (1 l) of cDNA were used as templates in quantitative, real-time PCR (32) with the Mre11 or Nbs1 primer set. The Mre11 primer set was designed to cross the exon 17/19 junction, and the Nbs1 primer set was designed to cross the exon 10/11 junction, in order to specifically amplify cDNA from spliced mRNA but not from possible traces of genomic DNA that retained the intervening intron. Sequences for primers were as follows: for Mre11-Forward primer, 5Ј-GCC TTC CCG AAA TGT CAC TA-3Ј; for Mre11-Reverse primer, 5Ј-TTC AAA ATC AAC CCC TTT CG-3Ј; for Nbs1-Forward primer, 5Ј-AGC AGC AGA CCA ACT CCA TCA GAA-3Ј; and for Nbs1-reverse primer, 5Ј-TCC ACA ATG AGG GTC TAG CAG GTT-3Ј. The predicted products of amplification with cloned Mre11 and Nbs1 cDNA templates were verified by agarose gel electrophoresis, the template concentrations were measured, and 10-fold dilutions were used to generate the standard calibration curves in experimental quantifications of Mre11 and Nbs1 mRNA levels.
Antibodies. Tag was detected with polyclonal rabbit serum against purified recombinant Tag or Pab101 mouse monoclonal antibody (33) , which reacts with an epitope at the extreme C terminus of Tag (88) . Pol-prim was detected with mouse anti-p180 monoclonal SJK132-20 (6) . The following commercial antibodies were used: rabbit anti-promyelocytic leukemia (anti-PML) (Chemicon), mouse monoclonal anti-tubulin (Santa Cruz Biotechnology), mouse monoclonal anti-phospho-H2AX (Ser139) (Upstate Cell Signaling), rabbit anti-Mcm10 (Calbiochem), rabbit polyclonal anti-phospho-p53 (Ser15) (Cell Signaling Technology), rabbit polyclonal antibodies against Nbs1 and Mre11 (Novus Biologicals), rabbit polyclonal anti-CUL7 (Bethyl), mouse monoclonal anti-RPA (RPA 34-19; Calbiochem), rabbit polyclonal anti-p53 (fl-393, SC-6243; Santa Cruz), and Hsp70 (SPA-810; Stressgen). Peroxidase AffiniPure goat antimouse immunoglobulin G (heavy plus light chains) and goat anti-rabbit immunoglobulin G (heavy plus light chains) were from Jackson Immuno (115-035-246, 111-035-144).
Fluorescence immunostaining. Cells grown and infected or mock-infected on coverslips were washed three times with cold phosphate-buffered saline (PBS) solution and then with cytoskeleton buffer [10 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), pH 6.8, 100 mM NaCl, 300 mM sucrose, 1 mM MgCl 2 , 1 mM EGTA]. Soluble proteins were preextracted for 3 min with cytoskeleton buffer containing 0.5% Triton X-100 and protease inhibitors (0.15 M aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 M leupeptin) in an ice bath. The cells were then washed with PBS, fixed in 4% paraformaldehyde in PBS for 30 min, washed with PBS, and blocked with 10% FBS-PBS at 4°C for 24 h (or longer in time course experiments). The samples were then incubated with signal enhancer (Image-iT FX; Invitrogen) for 20 min with primary antibodies for 3 h, washed, and then incubated with secondary antibodies for 1 h. Nuclear DNA in the cells was counterstained with 0.33 M TO-PRO-3-iodide (Invitrogen) for 20 min. Primary antibody dilutions for rabbit anti-Tag, antiNbs1, anti-Mre11, and anti-CUL7 were 1:5,000, 1:300, 1:500, and 1:100, respectively. Mouse monoclonal Pab101 anti-Tag, anti-PML, anti-phospho-H2AX, and anti-RPA were diluted 1:300, 1:300, 1:100, and 1:300, respectively. Secondary antibodies (Invitrogen) AlexaFluor 488 anti-mouse and AlexaFluor 555 antirabbit were diluted 1:100. All antibodies were diluted in 10% FBS-PBS. Coverslips were mounted in ProLong antifade reagent (Molecular Probes, Eugene, OR).
Confocal microscopy. Samples were examined using a Zeiss LSM 510 confocal microscope equipped with three lasers giving excitation lines at 633, 543, and 488 nm. The data from the channels were collected sequentially using the appropriate band-pass filters built into the instrument. Data were collected at a resolution of 512 by 512 or 1,024 by 1,024 pixels, using optical slices of 1.1 m. The microscope was a Zeiss Axioplan utilizing a 63ϫ oil immersion objective, numerical aperture 1.4. Data sets were processed using the LSM image browser software and then exported to Adobe Photoshop.
Immunoblotting. Cells were washed three times with cold PBS and lysed on ice in 0.2 ml per 6-cm dish of lysis buffer (50 mM HEPES-KOH, pH 7.3, 250 mM NaCl, 0.1% Nonidet P-40, 10 mM NaF, 0.3 mM Na 3 VO 4 ) with protease inhibitors. The lysate was centrifuged at 12,500 rpm for 15 min to separate proteins from cell debris, yielding most of the nonstructural proteins (reference 49 and data not shown). The protein concentration in the supernatant was measured using a bicinchoninic acid kit (Pierce Chemical, Rockford, IL), and equal amounts of total protein from each sample were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (48) . Proteins were electroblotted to nitrocellulose in carbonate buffer (22) for 2.5 h at 150 mA. The VOL. 82, 2008 T ANTIGEN-CUL7 DIRECTS MRN PROTEOLYSIS 5317 gel was blocked with 5% nonfat dry milk for 30 min to prevent nonspecific binding and then placed in the primary antibody overnight. The membrane was then washed three times with Tris-buffered saline-Tween 20 (TBST) solution and incubated with the secondary antibody. The proteins were then visualized by chemiluminescence (SuperSignal; Pierce) and exposed to film for 30 s to 1 h. To reprobe the membranes, they were washed once with TBST for 10 min, stripped with 5% acetic acid for 30 min, and then washed three times with TBST and reblocked with 5% nonfat milk. IP. Cells (10e6) were washed twice with cold PBS, lysed with 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 10% glycerol, and protease inhibitors (immunoprecipitation [IP] buffer) for 20 min on ice, and centrifuged. The supernatant was incubated with Pab101-coupled CNBr-activated Sepharose beads (GE Healthcare) at 4°C for 2 to 3 h with continuous rocking. After four washes with IP buffer, the precipitated proteins were analyzed by SDS-PAGE and Western blotting.
RESULTS
DNA damage-signaling proteins colocalize with viral replication sites in SV40-infected primate cells. Activation of ATM signaling by SV40 infection was initially detected in CV1 monkey cells (77) . To determine whether ATM activation is observed for other primate cells infected with SV40, we investigated the phosphorylation of ATM substrate proteins in BSC40 monkey kidney cells as a function of time after infection, both in soluble extracts and bound to chromatin. Initially, proteins released from the cells by detergent and 250 mM NaCl extraction were examined in immunoblots. Traces of the early viral protein Tag were detected at 24 h postinfection (hpi) (Fig. 1A , lane 5) and accumulated at later times (lanes 6 to 8). Low levels of p53 were found in mock-infected cells, whereas higher levels accumulated in infected cells, as expected due to its stabilization by Tag (references 1 and 78). ATM and its target protein Chk2 were maintained at the same level as in mock-infected cells. In contrast, the level of protein detected by anti-phospho-ATM Ser1981 rose dramatically with time after infection (Fig. 1A , lanes 6 to 8). Robust phosphorylation of p53 on Ser15 was observed even at 24 hpi and increased during infection. Activated Chk2 phosphorylated on Thr68 was detected at 36 hpi and maintained up to 60 hpi.
In cells treated with ionizing radiation, ATM, its accessory factor MRN, and mediators accumulate on chromatin at sites of damage, where the activated kinase phosphorylates histone H2AX (␥-H2AX), MRN, and other substrates (50) . To determine whether activated ATM phosphorylates H2AX on chromatin in SV40-infected cells, soluble proteins were preextracted and the residual chromatin-bound proteins were examined by immunofluorescence microscopy. Bright foci of ␥-H2AX colocalized with Tag in infected cells, and their intensity increased as a function of time after infection (Fig. 1B) . The size and intensity of the ␥-H2AX foci in infected monkey cells were much greater than those in UV-irradiated cells (Fig.  1C) . Foci in cells that had been preextracted prior to fixation were slightly less intense than those in cells that had been first fixed and then permeabilized (Fig. 1C) . Antibody against Ser1981-phosphorylated ATM also detected prominent chromatin-bound nuclear foci in infected monkey cells (not shown). In contrast, ␥-H2AX foci in SV40-infected nonpermissive murine NIH 3T3 cells were smaller, less intense, and dispersed through the nucleus (Fig. 1D) . Tag staining was intense but diffuse throughout the nucleus and not colocalized with ␥-H2AX foci (Fig. 1D) . Occasionally, some less intense ␥-H2AX foci were also observed in mock-infected cells, suggesting that these cells were in S phase (60) . These observations demonstrate a correlation between host permissivity for viral DNA replication and Tag colocalization with damagesignaling proteins.
This correlation raised the question of whether the chromatin-bound Tag and colocalizing damage-signaling proteins might represent sites of SV40 DNA replication. In this case, host proteins required for reconstitution of cell-free viral DNA replication should also reside on chromatin at these sites. Indeed, RPA colocalized with Tag foci in infected human and monkey cells (Fig. 2A) . Faint foci of chromatin-bound RPA were also barely detectable in nuclei of mock-infected cells ( Fig. 2A) and presumably represent sites of DNA processing on host chromosomes. Similarly, Pol-prim, another protein required for both viral and host DNA replication, localized diffusely in nuclei of mock-infected monkey cells (Fig. 2B) . However, in infected cells, large Pol-prim foci colocalized with Tag (Fig. 2B) . Colocalizing Pol-prim and Tag foci were easily discernible even when the preextraction of soluble proteins was omitted (Fig. 2B , compare upper and lower sets of panels). In contrast, Mcm10, a protein that binds and stabilizes Polprim, recruits it to chromosomal origins prior to replication and migrates with progressing host replication forks (11, 63) localized in a dispersed punctate pattern that was not spatially related to Tag foci (Fig. 2C) . The distinctive focal pattern of chromatin-bound viral replication factors, but not of a Polprim-associated host replication factor, in infected cells adds support to the notion that the Tag foci represent sites of viral DNA replication.
By using in situ hybridization to detect newly synthesized viral DNA, SV40 DNA replication centers have been observed juxtaposed to host PML nuclear bodies, also known as nuclear domain 10 or promyelocytic oncogenic domains (38, 40, 82) . PML bodies contain a variety of DNA damage-signaling and repair proteins and proteasomes, serve as sites of alternative telomere lengthening, and are targeted by many DNA viruses (7, 16, 25, 58, 72, 91) . To determine the spatial relationship of the prominent Tag foci observed in infected cells to PML bodies, we stained SV40-infected and mock-infected human cells with antibody against the PML protein. At least half of the Tag foci in each confocal layer resided adjacent to PML bodies in the same layer (Fig. 2D) . Consistent with the previously reported localization of SV40 replication centers (38, 40, 82) , the Tag foci adjacent to PML bodies are likely to represent replication centers, while the other Tag foci may represent sites of transcription. The number and size of PML bodies were slightly greater in infected cells than in mock-infected cells (Fig. 2D) . Taken together, the results strongly suggest that the prominent chromatin-bound Tag foci in infected cells represent viral replication centers.
MRN subunits localize in viral replication centers and undergo proteasome-dependent degradation. ATM signaling is tightly linked with the MRN complex. MRN recruits ATM to sites of damage in chromatin. It then undergoes phosphorylation by ATM and directly activates ATM to phosphorylate downstream substrate proteins (52, 90) . In addition, MRN plays an important role in preventing chromosomal rereplication and in processing damage to facilitate DNA repair (51, cells were analyzed by Western blotting. Phosphorylation of Nbs1 Ser343 was observed for infected cells (not shown), but unexpectedly, we also found that the levels of Rad50 and Nbs1 subunits in soluble cell extracts dropped significantly over the course of the infection (Fig. 3B, lanes 5 to 8) . Proteolytic clipping of Mre11 was also apparent in infected monkey cell extracts (Fig. 3B, lanes 7  and 8 ). In contrast, the level of Tag rose during infection as expected, and the tubulin loading control remained constant in each lane, suggesting the possibility of selective proteolysis of Rad50 and Nbs1 in infected cells. To assess this possibility, we treated mock-infected and SV40-infected monkey cells with the reversible proteasome inhibitor MG132 (73) and examined MRN levels 4 hours later. Soluble extracts from cells treated with MG132 contained elevated amounts of Hsp70 heat shock protein, reflecting stress as expected (10) (Fig. 3C, lanes 2 and 4) . The levels of Mre11 and Nbs1 in mock-infected cells with and without MG132 were quite similar (Fig. 3C, lanes 1 and 2) . In SV40-infected cells, the levels of intact Mre11 and Nbs1 were clearly reduced in the absence of MG132 (Fig. 3C, compare lane 3 with lane 1) . However, MG132 treatment restored the levels of intact Mre11 and Nbs1 to those in mock-infected cells (Fig. 3C , compare lane 4 with lane 1). We note that Tag was also stabilized by MG132 (Fig. 3C, compare lanes 3 and 4) . These results indicate that the decrease in MRN levels in SV40-infected primate cells depended on proteasome activity. Consistent with this interpretation, the steady-state levels of Mre11 and Nbs1 mRNA, determined by quantitative reverse transcription-PCR, remained stable during SV40 infection (Fig. 3D) .
Tag interaction with ubiquitin ligase CUL7 directs MRN degradation and facilitates virus propagation. The colocalization of MRN and Tag in viral replication centers and the selective proteasome-dependent degradation of MRN subunits suggested that the Tag-associated ubiquitin ligase CUL7 might participate in directing MRN destruction. CUL7 is a novel member of the Skp1-Cullin-F-box (SCF) ligase family (17, 66) that was identified as a Tag-binding protein required for cell transformation by SV40 (2, 46, 85) . CUL7 binds to the DnaJ chaperone domain of Tag, and specific J domain mutations can weaken or eliminate the interaction in cells overexpressing tagged CUL7 (2, 42, 46) . Of note is that the unusually long loop between helices 3 and 4 of the SV40 Tag DnaJ domain is highly conserved among primate polyomaviruses (Fig. 4A) but not in murine polyomavirus Tag and other DnaJ homologs (34) , suggesting a conserved function.
In order to determine whether endogenous CUL7 binding to Tag affects MRN subunit degradation in infected monkey cells, we first generated a virus stock with a mutation in Tag codon 98, substituting Ala for the wt Phe (F98A) (2) . To examine the interaction of endogenous CUL7 with Tag in wt-and F98A mutant-infected monkey cells, Tag immunoprecipitates were analyzed by immunoblotting. Endogenous CUL7 coprecipitated with wt Tag, but only traces of CUL7 associated with F98A mutant Tag (Fig. 4B) . Nevertheless, F98A mutant infection induced ATM-mediated DNA damage signaling similar to that in wt-infected cells, as analyzed by Western blotting (data not shown), and F98A mutant Tag colocalized with ␥-H2AX in viral replication centers, although colocalization was less complete than in cells infected with wt SV40 (Fig. 4C) . Consistent with these similarities between F98A mutant and wt infections, F98A mutant Tag replicated unit-length viral DNA at about 70% the level of that replicated by wt Tag (Fig. 4D) . If CUL7 interaction with Tag plays a crucial role in directing proteasome-dependent degradation of MRN subunits in infected cells, degradation should be absent from F98A mutantinfected cells. To test this prediction, soluble extracts of F98A mutant-infected monkey cells were prepared at different times after infection and MRN protein levels were monitored by Western blotting. Tag and phospho-p53 Ser15 accumulated as a function of time after infection. However, no decrease in the levels of MRN subunits was detected in infected cells (Fig. 5A,  lanes 5 to 8) . The results demonstrate that MRN degradation in infected cells depends, directly or indirectly, on CUL7 binding to Tag.
To further substantiate this conclusion, we examined a mutant Tag with a deletion in the CUL7 binding region. This mutant viral genome (MB) was originally recovered as an episome replicating in an SV40-immortalized human fibroblast line, GM637 (59) . A second mutant genome with the same deletion was recovered from an independently SV40-immortalized line of skin fibroblasts from a xeroderma pigmentosum patient (59) . MB Tag supported robust SV40 DNA replication activity in cell-free assays, but its activity in monkey cells was severely attenuated and it did not produce viral progeny or transform rat cells (59) . The MB Tag lacked residues 67 to 82 of wt Tag and Tyr-Lys replaced the wt Lys67-Tyr68, so that most of the loop connecting helix 3 and helix 4 of the Tag J domain was missing. A similar deletion led to the loss of ectopic CUL7 binding activity of Tag (42) .
To compare the stabilities of MRN in cells expressing wt and MB Tag, it was not possible to infect cells as for Fig. 5A , as MB Tag does not support virus propagation (59) . Thus, wt and MB SV40 plasmid DNA and vector DNA were transfected into monkey cells. Two days later, soluble cell extracts were analyzed by denaturing gel electrophoresis and Western blotting. The levels of wt and MB Tag were similar, and phosphorylation of p53 Ser15 was observed in both cell extracts (Fig. 5B,  lanes 2 and 3) , consistent with activation of ATM damage signaling. The level of MRN subunits was reduced in extracts of wt SV40-transfected cells (Fig. 5B, compare lanes 1 and 2) , but little or no reduction in MRN subunit levels was observed in extracts of MB SV40-transfected cells (Fig. 5B, compare  lanes 1 and 3) . The results confirm that Tag interaction with CUL7 is a vital step in directing MRN degradation.
The inability of MB SV40 to support virus propagation (59) prompted us to ask whether the F98A mutant viral infection might also display a defect in virus propagation. Monkey cells infected with wt SV40 developed cytopathic effects with a typical time course, with all the cells lysed by 96 hpi. F98A mutantinfected cells also developed cytopathic effects, but with slower kinetics; full cell lysis did not develop until 144 hpi. F98A mutant produced less infectious progeny at all time points of the infection ( Table 1 ). The final wt virus titer was 7.1 ϫ 10e7 PFU/ml, corresponding to a total yield of 3.6 ϫ 10e8 PFU, or 360 PFU/cell. The final F98A mutant titer was 2.3 ϫ 10e7 PFU/ml, corresponding to 1.2 ϫ 10e8 PFU, or 120 PFU/cell. The endpoint titer was repeated in three independent assays and in each case the yield of the F98A mutant was 20 to 30% of that of wt. These results indicate that although the F98A substitution did not prevent virus propagation in cultured BSC40 cells, it did significantly reduce virus yield.
ATM signaling promotes assembly of Tag and ␥-H2AX in viral replication foci and proteolysis of MRN subunits. The results above provide evidence that SV40 infection of primate cells induces ATM-mediated signaling, association of Tag and DNA damage-signaling proteins with viral replication centers, and proteasome-dependent destruction of MRN subunits. It is possible that these events take place in parallel but independently; alternatively, the events could be functionally coupled with one another. To begin to evaluate these alternatives, we examined the role of ATM signaling in greater detail.
Silencing of ATM expression by small interfering RNA was recently shown to reduce SV40 DNA replication in infected CV1 cells by 50 to 90%, suggesting that either the ATM polypeptide or its signaling activity promotes viral DNA replication (77) . To distinguish between these possibilities, we utilized a highly specific small molecule inhibitor of ATM kinase, KU-55933 (ATMi), to suppress ATM signaling without eliminating ATM protein (36) . To determine the optimal concentration of ATMi, BSC40 cells were infected with SV40 for 48 h in the presence of increasing concentrations of ATMi or corresponding amounts of dimethyl sulfoxide (DMSO) solvent. The optimal concentration of ATMi for maximal inhibition of p53Ser15 phosphorylation with minimal cytotoxicity a Confluent monolayers of BSC40 cells were infected with wt SV40 (strain 776) or the F98A mutant at a multiplicity of infection of 5. The infected dishes were monitored daily for cytopathic effect. At various times postinfection, the infected dishes were treated to three freeze-thaw cycles and stored at Ϫ20°C. Virus titers were determined by plaque assay on BSC40 cells (84). 
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on October 31, 2017 by guest http://jvi.asm.org/ was determined to be 10 M (data not shown), consistent with the literature (36, 39) . To confirm the requirement for ATM signaling in viral DNA replication, BSC40 cells were infected with SV40 in the presence of ATMi or solvent. Supercoiled viral genomes were isolated 24, 48, and 72 h later and detected by agarose electrophoresis and staining. Viral DNA replication was detectable at 24 hpi in DMSO-treated cells but not in ATMi-treated cells (Fig. 6A, lanes 2 and 4) . Larger amounts of viral DNA were produced at 48 and 72 hpi in DMSO-treated cells, but the levels in ATMi-treated cells were strongly reduced (Fig. 6A , compare lanes 5 and 8 with 7 and 10). The results confirm that ATM kinase activity is required to facilitate SV40 DNA replication in infected monkey cells.
To determine whether ATM signaling also promoted assembly of chromatin-bound replication foci in infected cells, BSC40 cells treated with ATMi or DMSO were infected with SV40 or mock infected. At different times after infection, cells were preextracted, fixed, stained for Tag and ␥-H2AX, and examined by confocal fluorescence microscopy. As expected, Tag and ␥-H2AX were not detected in mock-infected cells treated with ATMi (Fig. 6B, top row) . DMSO-treated cells infected with SV40 expressed Tag in the familiar large replication centers as the infection progressed, and ␥-H2AX colocalized with Tag (Fig. 6B, middle row) . In contrast, chromatinbound Tag expressed in infected cells treated with ATMi did not reside in prominent foci but rather dispersed throughout the nuclei (Fig. 6B, bottom row) . In spite of the ATM kinase inhibitor, some chromatin-associated ␥-H2AX was detected in a speckled pattern throughout the nuclei of infected cells (Fig.  6B, bottom row) . These results indicate that ATM signaling promotes assembly of Tag and damage-signaling proteins in viral replication centers and suggest that SV40 infection induces DNA damage signaling not only through ATM kinase activity but perhaps also through other checkpoint kinases (29) .
To assess whether ATM kinase activity influences proteasome-dependent degradation of MRN in SV40-infected cells, BSC40 cells treated with ATMi or DMSO were infected with SV40 or mock infected. Soluble cell extracts were prepared at 24, 48, and 72 hpi, separated by denaturing gel electrophoresis, and analyzed by Western blotting. Extracts from mock-infected cells treated with ATMi displayed constant levels of MRN subunits, no detectable Tag, and no phosphorylation on p53 Ser15 (Fig. 6C, lanes 1, 4, and 7) . Extracts from SV40-infected cells treated with DMSO contained Tag, phospho-p53, and reduced levels of Rad50 and Nbs1 relative to the mock-infected extract (Fig. 6C, lanes 2, 5, and 8) . The kinetics of Tag accumulation in infected cells treated with ATMi were slower than those in infected cells treated with DMSO (Fig. 6C , compare lanes 3, 6, and 9 with 2, 5, and 8). Importantly, however, in extracts from SV40-infected cells treated with the ATM kinase inhibitor, the levels of Rad50 or Nbs1 were essentially unchanged over the course of infection and comparable to those in extracts of mock-infected cells (Fig. 6C, compare lanes  3, 6, and 9 with 1, 4, and 7 ). These data demonstrate that ATM kinase activity facilitates the proteasome-dependent degradation of MRN subunits.
DISCUSSION
The SV40 proteins expressed early in infected primate cells prepare the host cell to support viral propagation, but understanding of these events remains incomplete. Here we have begun to explore these events more fully. We show that inhi- bition of ATM activity prevents or delays assembly of viral DNA replication centers in the nucleus, recruitment of other damage-signaling proteins to the centers, and proteasome-dependent degradation of selected host proteins, e.g., subunits of the MRN complex. Tag interaction with CUL7 ubiquitin ligase is also required for selective proteolysis of MRN subunits. These data confirm and significantly extend an earlier report that SV40 DNA replication is correlated with ATM activation and phosphorylation of Tag (77) . Together, these findings imply that SV40 DNA replication in infected cells proceeds through a novel pathway induced by viral reprogramming of the host cell cycle and damage response pathways. This reprogramming is apparently more extensive and complex than previously appreciated, unveiling new puzzles to be solved, including those considered below. ATM: master regulator for Tag-directed host reprogramming? The observed requirement for ATM activity for phosphorylation of Tag Ser120 (76, 77) , assembly of Tag in viral replication centers, recruitment of damage-signaling and repair proteins to the centers, and MRN proteolysis (Fig. 3 to 6 ) suggests that ATM activity lies at the top of a regulatory hierarchy. However, the time course of ATM activation, assembly of viral replication centers, accumulation of Tag Ser120p, and MRN proteolysis coincides with the latter phase of infection. This timing suggests that ATM may regulate primarily the late phase of infection and that ATM-independent damage signaling may arise early in infection, prior to the initiation of viral DNA replication. Consistent with this speculation, ATMi suppressed viral DNA replication by only 50 to 90% and chromatin-bound ␥-H2AX was easily detected in cells treated with ATMi ( Fig. 6A and B ; also see reference 77). Moreover, checkpoint signaling by ATR-Chk1 has been reported for SV40-infected monkey cells (62) . ATM-independent damage signaling early in infection may play a crucial role in viral reprogramming that facilitates ATM activation. Successive activation of ATR-Chk1, followed by ATM-Chk2, is elicited by some activated oncogenes and is proposed to induce cellular senescence or cell death as an anticancer barrier (4). Whether SV40 infection provokes a similar succession of checkpoint kinases is not known. Further studies will be needed to identify the nature of the ATM-independent signaling observed in Fig. 6B and the mechanism of its activation in SV40-infected cells.
Tag-CUL7-directed proteolysis of MRN. Proteasome-dependent MRN degradation has been observed for cells infected by other DNA viruses (24, 54, 55, 69, 80) , but the discovery that this occurs in SV40-infected cells is novel and its role in SV40 infection is unknown.
MRN colocalization with Tag on chromatin in viral replication centers (Fig. 3) is consistent with the functional interactions between MRN and ATM in DNA damage signaling (50, 90) , the association of MRN with host replication forks (51, 60) , and the physical interaction of MRN with Tag (19, 49, 92) . The proposed role of MRN in host replication fork surveillance might suggest that MRN acts in viral replication centers to maintain ATM activation, consistent with the loss of viral replication centers in the presence of ATMi (Fig. 6B) . Activation of ATM by MRN in the centers may also be needed to maintain the infected cell in S/G 2 phase for viral replication (15) , but additional work will be required to address these possibilities.
Our data argue strongly that CUL7 interaction with Tag plays a crucial role in proteolytic targeting of MRN subunits. However, it is not clear whether CUL7, a primarily cytoplasmic protein (3), enters the nucleus together with Tag, gains access to the nucleus in some other way, or perhaps interacts with Tag in the cytoplasm. Similarly, it is not known whether MRN is recognized as a target for CUL7 through its association with Tag or viral replication centers or through CUL7-associated substrate recognition factors, e.g., Fbxw8 (17) . Lastly, it remains to be shown directly that MRN subunits undergo ubiquitin modification and that CUL7 catalytic activity is required.
Our data suggest indirectly that MRN degradation benefits SV40 propagation in infected monkey cells, since Tag variants that bind poorly to CUL7 and fail to direct MRN degradation reduce viral yield (Table 1) or abolish it (59) . However, it is not clear how MRN depletion facilitates virus production. Nbs1 has been suggested to suppress Tag-induced amplification of SV40 origin DNA present in an integrated retroviral construct in human cells (92) . Thus, proteolytic reduction of MRN levels in infected cells may facilitate viral DNA replication. On the other hand, as noted above, MRN depletion in viral replication centers might be predicted to decrease ATM activity required to maintain the centers. Moreover, in the absence of MRN depletion, replication of unit-length F98A mutant viral DNA is clearly detectable in monkey cells (Fig. 4D ) (X. Zhao and J. M. Pipas, unpublished data). Thus, MRN proteolysis might promote a later step in infection, e.g., encapsidation of viral chromatin. Furthermore, it should be noted that our data do not rule out the possibility that Tag-CUL7 directs proteolysis of additional unknown proteins in infected cells, which could also affect viral yield.
Tag-CUL7 interaction is clearly required for SV40-induced cell transformation (2, 42, 46) , but the mechanism by which this interaction promotes transformation is not known. One possibility, analogous to Tag inactivation of p53 and pRB tumor suppressor activities, is that Tag binding to CUL7 blocks a potential tumor suppressor activity of CUL7. On the other hand, mutations that inactivate CUL7 in human patients give rise to growth retardation (37, 57) rather than the cancer susceptibility associated with p53 and pRB mutations. The key role of MRN in maintaining host genomic stability (50, 90) suggests an alternative possibility: MRN depletion directed by Tag-CUL7 complexes could contribute to SV40 transformation activity. Consistent with this possibility, wt Tag expression in human fibroblasts has been reported to result in karyotypic abnormalities, whereas mutational inactivation of multiple Tag functions, including but not limited to p53 and pRB binding, reduced the frequency of chromosome damage (70, 71) . Evaluation of this possibility, as well as others (21, 44, 45) , will be needed to elucidate the role of CUL7-Tag interaction in cell transformation.
SV40 DNA replication centers: repair centers for damaged DNA? A significant body of evidence suggests that SV40 chromatin replicates in discrete subnuclear factories that reside near PML bodies ( Fig. 2 ; also see references 38, 40, and 82). The biochemical mechanisms that position SV40 minichromosomes near PML bodies are not known, but this spatial relationship bears some resemblance to the juxtaposition of dam-VOL. 82, 2008 T ANTIGEN-CUL7 DIRECTS MRN PROTEOLYSIS 5325 aged chromosomal DNA and PML bodies, which is thought to facilitate SUMO-regulated recruitment of Bloom's helicase and other repair proteins from PML bodies to damaged chromatin (7, 8, 16, 23) . In addition, PML bodies contain proteasomes and are the primary centers for nuclear proteolysis (91) . A growing body of evidence demonstrates that DNA damage checkpoints, in particular recovery from checkpoints after repair, are regulated through the ubiquitin-proteasome system (12, 41, 47, 61) . Perhaps Tag-bound SV40 minichromosomes are recognized as damaged chromatin to be repaired, consistent with the requirement for ATM signaling to assemble viral replication centers in primate cells ( Fig. 6 ; also data not shown). Consistent with this speculation, the localization of ␥-H2AX in SV40 replication centers suggests that it is incorporated in viral chromatin and may help to recruit the host repair proteins that carry out viral DNA replication (29) . From this viewpoint, Tag-CUL7-directed proteolysis of MRN could represent a step in recovery from checkpoint signaling after "repair" in viral replication centers. However, the potential role of PML bodies in SV40 DNA replication remains uncertain, since small interfering RNA-directed silencing of PML expression did not significantly reduce viral plasmid DNA replication (40) . Moreover, which host proteins sense the incoming viral minichromosomes as damage, which features of the viral chromatin are recognized, and how the juxtaposition with PML bodies is determined are some of the many unanswered questions raised by this speculation.
